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(57) ABSTRACT 

An aluminum secondary battery exhibiting favorable charac 
teristics is provided. The present invention relates to a non 
aqueous electrolyte comprising an electrolyte containing 
Al(CF3SO3)3 and a room temperature molten salt of a qua 
ternary ammonium salt Where CF3SO3_ is anion, and to an 
aluminum secondary battery containing that non-aqueous 
electrolyte. 
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NON-AQUEOUS ELECTROLYTE AND 
SECONDARY BATTERY CONTAINING SAME 

REFERENCE TO RELATED APPLICATION 

This Application is a continuation of International Appli 
cation No. PCT/JP2006/322098, Whose international ?ling 
date is Nov. 6, 2006, Which in turn claims the bene?t of 
Japanese Application No. 2005-325675 ?led Nov. 10, 2005 
and Japanese Application No. 2006-013367, ?led Jan. 23, 
2006, the disclosures of Which Applications are incorporated 
by reference herein. The bene?t of the ?ling and priority dates 
of the International and Japanese Applications is respectfully 
requested. 

TECHNICAL FIELD 

The present invention relates to a non-aqueous electrolyte 
and a secondary battery containing that electrolyte. The non 
aqueous electrolyte of the present invention has Al salt solu 
bility, a suf?ciently Wide potential WindoW, and is useful as a 
non-aqueous electrolyte for an aluminum battery and elec 
trodeposition of aluminum metal. In addition, the secondary 
battery of the present invention is particularly useful as an 
aluminum secondary battery using aluminum or an aluminum 
alloy for the anode active material. 

BACKGROUND ART 

Although Al batteries having a high energy density are 
currently expected to be used practically, they have only been 
realized for primary batteries using an aqueous solution for 
the electrolyte and some air batteries (see, for example, 
“Handbook of Batteries”, Asakura Publishing Co., Ltd., p. 
687, 1996). 
As is disclosed in the “Handbook of Batteries”, Asakura 

Publishing Co., Ltd., p. 687, 1996, aluminum air batteries 
have a high oxidation-reduction potential and hydrogen is 
generated as a result of electrolysis of the electrolyte in the 
form of Water taking place on the anode. In addition, since 
hydroxide ions (OH‘) are used for the mobile ions, aluminum 
hydroxide is formed at the anode and since this is dif?cult to 
dissolve in Water, it creates the problem of inhibiting dis 
charge to the cathode. These problems are caused by the use 
of an aqueous electrolyte and the use of OH“ ions for the 
mobile ions. 

Several proposals have been made for realiZing aluminum 
batteries by using ions other than OH“ ions for the mobile 
ions through the use of a non-aqueous electrolyte. The Al salt, 
AlCl3, in particular has long been knoWn to comprise a room 
temperature molten salt and quaternary ammonium, and alu 
minum batteries have been disclosed that use this as a non 
aqueous electrolyte (see, for example, Japanese Patent No. 
2977252, Japanese Patent No. 3380930 and Japanese Patent 
Application Publication No. H3-238769). 

Moreover, a non-aqueous electrolyte has also been dis 
closed that uses Al3+ ions as mobile ions by using an Al salt 
other than AlCl3 (see, for example, Japanese Patent Applica 
tion Publication No. H6-52898). 

In addition, batteries have been disclosed that have a non 
aqueous electrolyte that uses lithium ions for the mobile ions, 
and use a carbon material for the material that occludes and 
releases aluminum ions (see, for example, Japanese Patent 
Application Publication No. 2003-163030 and Japanese 
Patent Application Publication No. H11-297355). 
On the other hand, solid electrolytes have been disclosed 

that use ions of a trivalent metal, a speci?c example of Which 
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2 
is Al2(WO4)3, for the mobile ions. Since these electrolytes 
alloW high-density charge transfer, they have been disclosed 
With respect to application to the electrolytes of some gas 
sensors and solid secondary batteries (see, for example, J apa 
nese Patent Application Publication No. 2005-149982, Japa 
nese Patent Application Publication No. H11-203935 and 
Japanese Patent Application Publication No. H10-255822). 

Materials having the same crystal structure as Al2(WO4)3 
and so on are knoWn to be materials having loW thermal 
expansion (see, for example, Japanese Patent Application 
Publication No. 2003-89572). 

Electrode active materials for non-aqueous electrolyte sec 
ondary batteries are knoWn that are composed of compounds 
represented by the formula M2(MoO4)3 (Wherein, M is at 
least one type of element selected from the group of elements 
included in group 13 of the periodic table such as Al) (see, for 
example, Japanese Patent Application Publication No. 2001 - 
8501 1). 

Moreover, compounds have also been disclosed that have a 
tungsten-bronze structure represented by AlXWO3 as typical 
compound oxides ofAl, W and Mo (see, for example, Mat. 
Res. Bull., Vol. 2, pp. 809-817 (1967) and CR. Acad. Sc. 
Paris, t.266, serie C, pp. 1066-1068 (1968)). 

DISCLOSURE OF THE INVENTION 

Although salts (such as NaCl) typically have a high melting 
point, room temperature molten salts are special liquids that 
have a melting point at or beloW room temperature and main 
tain a liquid state at room temperature despite being salts 
composed of cations and anions. On the other hand, non 
aqueous electrolytes of batteries and so on are composed of an 
electrolyte containing desired mobile ions and a solution that 
dissolves that electrolyte. 

Since the room temperature molten salts utiliZing AlCl3 
disclosed in Japanese Patent No. 2977252, Japanese Patent 
No. 3380930 and Japanese Patent Application Publication 
No. H3-238769 form complex ions of aluminum chloronate 
ions (AlCl4_, Al2Cl7_), there is the risk of the generation of 
chlorine gas during electrochemical reactions, and since they 
are not suitable as electrolytes for batteries With respect to 
such factors as the toxicity and corrosiveness of chlorine gas, 
they are not used practically. 

In addition, the cathode active materials indicated thereby 
are materials that occlude and release aluminum chloronate 
ions, and there are no descriptions regarding the occlusion 
and release of aluminum ions. 

In Japanese Patent Application Publication No. H6-52898, 
vanadium pentoxide and an electrically conductive polymer 
are disclosed as cathode active materials that occlude and 
release aluminum ions using Al3"(CF3SO3_)3 as the electro 
lyte salt. In addition, a mixed solvent of ethylene carbonate 
and diethyl carbonate is used as a non-aqueous electrolyte 
solution. 

HoWever, according to studies conducted by the inventors 
of the present invention, Al3"(CF3SO3_)3 Was completely 
insoluble in the mixed solvent, and dissociation of aluminum 
salt Was unable to be con?rmed. Although the inventors of the 
present invention also attempted to dissolve Al3"(CF3SO3_)3 
in polar organic solvents such as tetrahydrofuran and aceto 
nitrile knoWn to normally have high solubility, it Was 
insoluble in these solvents as Well. Consequently, the prop 
erties as an electrolyte Were unable to be con?rmed, and 
?ndings Were unable to be obtained regarding the occlusion 
and release of aluminum ions by the cathode active materials 
of vanadium pentoxide and the electrically conductive poly 
mer indicated here. 



US 7,524,587 B2 
3 

Japanese Patent Application Publication No. 2003-163030 
and Japanese Patent Application Publication No. 
H11-297355 disclose various imidaZolium salts and quater 
nary ammonium salts used as non-aqueous electrolytes for 
lithium secondary batteries. These non-aqueous electrolytes 
use a lithium salt for the electrolyte, and lithium ions for the 
mobile ions. There is no mention made regarding the mobility 
of aluminum ions or the solubility of Al(CF3SO3)3 With 
respect to room temperature molten salts. 

The Handbook of Batteries (Asakura Publishing Co., Ltd., 
p. 687, 1996) discloses LiWO2 and LiMoO2 composed of Li 
and W or Mo as anode active materials. AlxWO3, Which is 
presumed to have similar effects thereto, is disclosed in Mat. 
Res. Bull., Vol. 2, pp. 809-817 (1967) and CR. Acad. Sc. 
Paris, t.266, serie C, pp. 1066-1068 (1968), and AlXWO3 is 
also thought to be able to occlude and releaseAl according to 
the range of x. 
AlXWO3 is indicated to have a tungsten-bronze structure 

Within the range of x of 0<x<0.03 according to Mat. Res. 
Bull., Vol. 2, pp. 809-817 (1967), and Within the range ofx of 
0.105<x<0.135 according to CR. Acad. Sc. Paris, t.266, serie 
C, pp. 1066-1068 (1968). 

However, although a stable crystal structure With respect to 
occlusion and release of Al is assumed to be maintained 
Within the above-mentioned ranges, since the range of x is 
quite narroW, and the charge-discharge capacity is too small 
even if it Was able to be used as a cathode (or anode) active 
material. Accordingly, it is not suitable for secondary battery 
applications. 
On the other hand, Japanese Patent Application Publication 

No. H11-203935 discloses a solid electrolyte in the form of a 
compound oxide that mobiliZes trivalent metal ions. Japanese 
Patent Application Publication No. H10-255822 also dis 
closes a solid battery that uses this for the electrolyte. 

HoWever, Japanese Patent Application Publication No. 
H11-203935 and Japanese Patent Application Publication 
No. H10-255822 only disclose high-temperature behavior 
(4000 C. or higher), While there is no disclosure made regard 
ing the behavior of the metal ions or the stability of the crystal 
structure of these compounds at room temperature. In addi 
tion, there are no practical examples of their use as cathode 
active materials of aluminum secondary batteries. 

Japanese Patent Application Publication No. 2003-89572 
discloses a tungsten mixed oxide composed of bivalent and 
tetravalent metal ions having the same crystal structure. 

HoWever, this application also does not make any disclo 
sures regarding the behavior of the metal ions and the stability 
of the crystal structure at room temperature. 
As has been described above, there have been no examples 

thus far of simultaneously realiZing a cathode active material 
capable of occluding and releasing aluminum ions and a 
non-aqueous electrolyte using aluminum ions for the mobile 
1ons. 

Thus, a primary obj ect of the present invention is to provide 
an aluminum secondary battery that demonstrates favorable 
characteristics. 
As a result of conducting extensive studies in consideration 

of the problems of the prior art, the inventors of the present 
invention found that Al(CF3SO3)3 favorably dissolves in a 
room temperature molten salt of a speci?c quaternary ammo 
nium salt, thereby leading to completion of the present inven 
tion. 

Namely, the present invention relates to the non-aqueous 
electrolyte described beloW. 
1. A non-aqueous electrolyte comprising an electrolyte con 

taining Al(CF3SO3)3 and a room temperature molten salt of 
a quaternary ammonium salt; Wherein, 
the quaternary ammonium salt is at least one type of com 

pound represented by the folloWing general formula (1) or 
(2): 
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(1) 

(where, R1 to R4 are the same or different and represent an 
alkyl group, and R1 and R2 may form a ring); 

(2) 

(Where, R5 to R7 are the same or different and represent an 
alkyl group, and R5 and R6 may form a ring). 
2. The non-aqueous electrolyte of claim 1, Wherein the alkyl 

group are an alkyl group having 1 to 6 carbon atoms. 
3. The non-aqueous electrolyte of claim 1, further containing 

a non-aqueous organic solvent. 
4. The non-aqueous electrolyte of claim 3, Wherein the non 

aqueous organic solvent contains at least one type selected 
from the group consisting of propylene carbonate, ethylene 
carbonate, dimethyl carbonate, diethyl carbonate and ethyl 
methyl carbonate. 

5. A secondary battery comprising an anode, a non-aqueous 
electrolyte and a cathode, Wherein the non-aqueous elec 
trolyte is the non-aqueous electrolyte of claim 1. 

6. The secondary battery of claim 5, Wherein the active mate 
rial in the anode is at least one type of aluminum and 
aluminum alloy. 

7. The secondary battery of claim 5, Wherein the active mate 
rial in the cathode is an oxide represented by the folloWing 
general formula (3): 

(AIXM1’)Z(M'O4)3 (3) 

(Where, M represents M2aM3bM4C, M2 represents at least one 
type of bivalent metal element selected from Mg, Ca, Sr and 
Ba, M3 represents at least one type of trivalent metal element 
selected from Sc,Y, Ga and In, M4 represents at least one type 
of tetravalent metal element selected from Zr and Hf, M' 
represents a hexavalent metal element including W or Mo, 
0§a<1,0§b<1,c:a,0<x§1 and (2a/(1—x))+(3b/(1—x))+(4c/ 
(1 -X)):3) 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic draWing of an aluminum concentra 
tion cell fabricated in (Example 4) in the examples of a 
non-aqueous electrolyte; and 

FIG. 2 is a schematic draWing of a coin cell fabricated in 
<Examples> relating to an aluminum secondary battery. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

1. Non-Aqueous Electrolyte 
The non-aqueous electrolyte of the present invention is a 

non-aqueous liquid electrolyte comprising an electrolyte con 
taining Al(CF3SO3)3 and a room temperature molten salt of a 
quaternary ammonium salt, 
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wherein the quaternary ammonium salt is at least one type 
of compound represented by the following general formula 
(1) or (2): 

(1) 
R1 

Wherein Rl-R4 are the same or different and represent an 
alkyl group, and R1 and R2 may form a ring; 

(2) 
R5 

Wherein R5 -R7 are the same or different and represent an alkyl 
group, and R5 and R6 may form a ring. 

Although the electrolyte containing Al(CF3SO3)3 may 
contain an electrolyte other than Al(CF3SO3)3, in the present 
invention, an electrolyte substantially consisting of 
Al(CF3SO3)3 is used preferably. 

There are no particular limitations on the concentration of 
the Al(CF3SO3)3 in the non-aqueous electrolyte. Although 
the concentration can be suitably set according to the type of 
quaternary ammonium salt used and so on, it is normally from 
about 0.05 to about 2.0 mol/L and preferably from 0.05 to 1.0 
mol/ L. 

As described above, the room temperature molten salt of a 
quaternary ammonium salt contains at least one type of room 
temperature molten salt of a quaternary ammonium salt rep 
resented by general formula (1) (to also be referred to as 
“quatemary ammonium salt (1)”) and a room temperature 
molten salt of a quaternary ammonium salt represented by 
general formula (2) (to also be referred to as “quaternary 
ammonium salt (2)”). 

In either of these ambient temperature molten salts, the 
anion is CF3SO3_. Namely, a quaternary ammonium salt is 
used that has CF3SO3_ as an anion. As Was also indicated in 
Japanese Patent Application Publication No. H6-52898, 
Japanese Patent Application Publication No. 2003-163030 
and Japanese Patent Application Publication No. H11 
297355, examples of anions of room temperature molten salts 
include N(CF3SO2)_, C(CF3SO2)3_, CF3SO3_, C2F5SO3_, 
C4F9SO3_, B134“, PF6_,Al2Cl7_, AlCl4_ and C104“. HoWever, 
it is necessary to select CF3SO; among these anions in order 
to dissolve the Al(CF3SO3)3. When other anions such as 
N(CF3SO2)_, B134‘, and P136- are selected, the Al(CF3SO3)3 
cannot be dissolved. This is the most signi?cant feature of the 
present invention. 

Rl to R4 of quaternary ammonium salt (1) may be the same 
or different and represent an alkyl group. There are no par 
ticular limitations on the alkyl group, and examples include 
linear or branched alkyl group such as methyl group, ethyl 
group, n-propyl group, isopropyl group, n-butyl group, isobu 
tyl group, tert-butyl group, pentyl group, hexyl group, heptyl 
group or octyl group. Among these, alkyl group having 1 to 6 
carbon atoms are preferable in terms of alloWing the obtain 
ing of a favorable molten state at room temperature. In the 
case of alkyl groups having 7 or more carbon atoms, the 
melting point of the room temperature molten salt tends to 
rise, and tends not to melt at room temperature. 
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6 
R1 and R2 of quaternary ammonium salt (1) may also form 

a ring, examples of Which include pyrrolidinium salts of 
monoaZine quaternary ammonium ?ve-membered ring and 
piperaZinium salts of six-membered ring. In the present 
invention, the quaternary ammonium salt (1) preferably does 
not have a ring structure. 

Speci?c examples of cations of the quaternary ammonium 
salt (1) (ammonium compounds) include at least one type 
such as tetramethyl ammonium, tetraethyl ammonium, tetra 
propyl ammonium, dimethyl diethyl ammonium, trimethyl 
ethyl ammonium, trimethyl propyl ammonium or trimethyl 
n-butyl ammonium. In addition, examples of compounds that 
form a ring include at least one type such as 1-methyl-1-butyl 
pyrrolidinium, 1 -ethyl-1 -butyl pyrrolidinium, 1-methyl-1 - 
ethyl piperaZinium, 1-propyl-1-butyl piperaZinium or 1 -me 
thyl-1 -butyl piperaZinium. 

R5 to R7 of the quaternary ammonium salt (2) may be the 
same or different and represent alkyl groups. The same alkyl 
groups listed as examples of alkyl groups for the quaternary 
ammonium salt (1) may be used, namely linear or branched 
alkyl group such as methyl group, ethyl group, n-propyl 
group, isopropyl group, n-butyl group, isobutyl group, tert 
butyl group, pentyl group, hexyl group, heptyl group or octyl 
group. Among these, alkyl groups having 1 to 6 carbon atoms 
are preferable in terms of alloWing the obtaining of a favor 
able molten state at room temperature. 

R5 and R6 of the quaternary ammonium salt (2) may also 
form a ring, examples of Which include monoaZine quater 
nary ammonium pyridinium salts (six-membered ring), diaZ 
ine quaternary ammonium imidaZolium salts (?ve-mem 
bered ring), pyrimidinium salts and pyridaZinium salts (six 
membered ring). The quaternary ammonium salt (2) 
preferably has a ring structure, and one or more double bonds 
are preferably present in that ring structure. 

Speci?c examples of cations (ammonium compounds) of 
the quaternary ammonium salt (2) include at least one type 
such as 1-butyl imidaZolium, 1-ethyl-3-methyl imidaZolium, 
1-butyl-3-methyl imidaZolium, 1-hexyl-3 -methyl imidaZo 
lium, 1,3-diethyl imidaZolium, 1-ethyl-2,3-dimethyl imida 
Zolium, 1-ethyl pyridinium, N-butyl pyridinium and 3-ethyl 
N-butyl pyridinium. Among these quaternary ammonium 
compounds, imidaZolium salts, pyridinium salts and quater 
nary ammonium salts having four alkyl groups are preferable 
since many melt at ambient temperature. 
The concentration of quaternary ammonium salts (1) and 

(2) in the non-aqueous electrolyte (total amount of both in the 
case of combining the use of both) can be suitably set accord 
ing to the type of quaternary ammonium salt used and so on. 

Furthermore, knoWn or commercially available salts can 
also be used for these quaternary ammonium salts (1) and (2). 
In addition, these can be synthesiZed according to knoWn 
production processes. 

The non-aqueous electrolyte of the present invention may 
also contain other additives and so on as necessary. In par 
ticular, the present invention preferably contains a non-aque 
ous organic solvent. According to studies conducted by the 
inventors of the present invention, the viscosity of a room 
temperature molten salt of a quaternary ammonium salt of the 
present invention Was determined to increase as a result of 
dissolving an Al salt. If the solution viscosity of a room 
temperature molten salt increases, the ion diffusion becomes 
rate-limiting and ionic conductivity decreases. Consequently, 
the resistance of the non-aqueous electrolyte increases result 
ing in the risk of increased loss due to internal resistance in the 
case of a battery. In contrast, as a result of containing a 
non-aqueous organic solvent in the non-aqueous electrolyte, 
the solution viscosity decreases, thereby enabling ionic con 
ductivity to be further enhanced. 
A typical organic solvent Which dissolves in the room 

temperature molten salt may be used as the non-aqueous 
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organic solvent used by mixing With a room temperature 
molten salt. Examples include at least one type such as pro 
pylene carbonate, ethylene carbonate, dimethyl carbonate, 
diethyl carbonate or ethyl methyl carbonate. Among these, 
those having a comparatively Wide potential WindoW and loW 
solution viscosity are more preferable. 
The content of the non-aqueous organic solvent can be 

suitably set corresponding to the need to increase solution 
viscosity and ionic conductivity at the time of use. HoWever, 
since these non-aqueous organic solvents do not dissolve the 
electrolyte Al, the amount of the non-aqueous organic solvent 
is preferably 50 vol % or less in the non-aqueous electrolyte. 
If the amount of the non-aqueous organic solvent is 20 vol % 
or less (and particularly from 0.1 to 20 vol % and even more 
particularly from 1.0 to 10 vol %), a non-aqueous electrolyte 
can be provided that adequately dissolves Al, thereby making 
this more preferable. 

2. Secondary Battery 
The present invention includes a secondary battery (and 

particularly an aluminum secondary battery) comprising an 
anode, a non-aqueous electrolyte and a cathode, Wherein the 
non-aqueous electrolyte is the non-aqueous electrolyte of the 
present invention is used for the non-aqueous electrolyte. 

Other than using the non-aqueous electrolyte of the present 
invention for the non-aqueous electrolyte, constituent ele 
ments of knoWn secondary batteries (aluminum secondary 
batteries) can also be employed in the secondary battery of the 
present invention. For example, the coin cell shoWn in FIG. 2 
can be employed. In this coin cell, an anode 22 is disposed on 
an anode case 21. Gasket 25 are disposed on the ends of the 
anode case. In addition, a cathode cased 27 is ?xed around the 
periphery of the gasket 25. A cathode 26 is formed on the 
inside of the cathode case 27. A separator 24 is interposed 
betWeen the anode 22 and the cathode 26. An electrolyte 23 
(non-aqueous electrolyte) is ?lled betWeen the anode and 
cathode and the separator. 

The materials of these members are knoWn. For example, 
the anode case 21 and the cathode case 27 are made of stain 
less steel. The material of the separator 24 is a porous ?lm 
made of polypropylene. The gasket 25 is a insulating gasket 
made of polypropylene. 

At least one type of aluminum and aluminum alloy is 
preferably used as an anode active material for the anode. 
Examples of aluminum alloys include AliAu, Al4Ga, 
AliIn, AliMn, AliNi, AliPt and AliSi. 

There are no particular limitations on the cathode, and a 
cathode used in knoWn aluminum secondary batteries and so 
on can be used. In the present invention, an oxide represented 
by the folloWing general formula (3): 

(AIXM1’X)Z(M'O4)3 (3) 

(Wherein, M represents M2aM3bM4C, M2 represents at least 
one type of bivalent metal element selected from the group 
consisting of Mg, Ca, Sr and Ba, M3 represents at least one 
type of trivalent metal element selected from the group con 
sisting of Sc, Y, Ga and In, M4 represents at least one type of 
tetravalent metal element selected from the group consisting 
of Zr and Hf, M' represents a hexavalent metal element 
including W or Mo, 0§a< 1, 0§b< 1, c:a, 0<x§1 and (2a/(1 
x))+(3b/ (1 —x))+(4c/ (1 —x)):3) is preferably used as a cathode 
active material. 

The above-mentioned oxide is able to occlude and release 
aluminum ions at ambient temperature, and is optimal as a 
cathode active material of an aluminum secondary battery. In 
general, these compounds (oxides) are such that a tungstic 
acid tetrahedron represented by W042“ or M0042“ forms a 
layered structure in Which a trivalent metal element M3+ (or 
bivalent metal element M2+ or tetravalent metal element M4") 
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8 
is arranged betWeen the layers. Consequently, the above 
mentioned compounds exhibit ionic conductivity by metal 
ions at 4000 C. or higher in particular. Almost all compound 
oxides that exhibit ionic conductivity are thought to involve 
movement of oxygen ions. In contrast, in the above-men 
tioned compounds, since the tungsten and molybdenum that 
compose the WO42_(MoO42_) in the above compounds 
strongly bind oxygen ions, trivalent metal ions located 
betWeen the layers in particular are thought to move instead of 
the oxygen ions. 

The cathode active material of the present invention has a 
rhombohedral system in all of the compositions of the above 
mentioned general formula. HoWever, crystal systems other 
than those described above may be included Within a range 
that does not impair the effects of the present invention. 

Since the cathode active material of the present invention 
maintains a stable crystal structure as a result of the tungstic 
acid tetrahedron composing the main skeleton thereof being 
resistant to the effects of occlusion and release of interlayer 
metal ions, is can be preferably used as a cathode active 
material for a secondary battery. Moreover, the space betWeen 
layers is increased by substituting A1 with other divalent, 
trivalent or tetravalent metal ions, thereby enabling aluminum 
ions having a small ionic radius to be easily occluded and 
released. 

The cathode active material of the present invention may be 
produced by a liquid phase process, gaseous phase process or 
solid phase process provided an oxide (compound oxide) 
having a composition as described above can be obtained. A 
solid phase reaction method can be applied as a solid phase 
process, a coprecipitation method, sol gel method or a hydro 
thermal reaction method can be applied as a liquid phase 
process, and a sputtering method or CVD method can be 
applied as a gaseous phase process. 

More speci?cally, the material of the present invention can 
be preferably produced by, for example, a solid phase process 
like that described beloW. A typical mixed oxide can be pro 
duced by kneading and crushing a raW material in the form of 
a metal oxide using an apparatus such as a ball mill folloWed 
by ?ring and carrying out crushing and so forth as necessary. 
Compounds able to serve as a supply source of each ele 

ment (compounds containing at least one type of Al, M2, M3, 
M4 and M') can each be preferably used as starting materials. 

Examples of these compounds include oxides, hydroxides, 
carbonates, nitrates, chlorides, acetates, oxalates, metal 
alkoxides, metal acetyl acetonates, metal acetates, metal 
methacrylates and metal acrylates. In addition, compounds 
containing tWo or more of these elements can also be used. 

In the present invention, additives (such as binders and 
?ring assistants) normally used in the production of green 
compacts can also be incorporated as necessary in addition to 
these starting materials. 

These starting materials are Weighed and mixed so as to 
obtain the material composition of the present invention. 
There are no limitations on the mixing method, and knoWn 
methods can be employed. For example, mixing can be pref 
erably carried out using an apparatus capable of kneading and 
crushing such as a crusher, ball mill, planetary mill or media 
mill (such as an attriter or vibration mill). Kneading and 
crushing may be carried out using a Wet method or a dry 
method. The mean particle diameter of the mixed poWder is 
typically controlled to be Within the range from about 0.1 to 
from about 2 um. 

Next, the resulting mixed poWder is ?red. The ?ring con 
ditions typically consist of a temperature of about 650 to 
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about 10000 C. in an oxidative atmosphere or air. The calcin 
ing time can be suitably determined according to the calcin 
ing temperature and so on. 

The resulting ?red powder can also be crushed as neces 
sary. A method similar to that previously described is used for 
the crushing method. The poWder can also be classi?ed as 
necessary. 

Electrode formation may be carried out in accordance With 
a knoWn method. For example, a knoWn additive such as a 
conductivity assistant (such as carbon poWder) or binder 
(resin binder) may be mixed With the active material folloWed 
by forming the electrode into a desired shape (such as a sheet). 

There are no limitations on the type of battery, and a coin 
type, cylindrical type, square type or sheet type and so on can 
be employed. 

Battery assembly may also be carried out in accordance 
With a knoWn method corresponding to the type of battery. 
For example, in the case of a coin cell as previously described, 
the cathode 26 is ?rst pressed onto the cathode case 27, the 
gaskets 25 are attached to the peripheral edges, the electrolyte 
23 is dropped thereon, and separator 24 is placed thereon, and 
the electrolyte 23 is again dropped thereon. An assembly in 
Which the anode 22 has been pressed onto the anode case 21 
in advance is then ?t together and then sealed With a press to 
produce the desired coin cell. 

The coin cell produced in the manner described above Was 
evaluated for the characteristics thereof in section “2) entitled 
<Examples> of Aluminum Secondary Batteries” described to 
folloW by charging and discharging at a constant current 
Within a voltage range of 1.5 to 2.5 V at a current value of 0.1 
mA per unit surface area of the cathode plate. 

EXAMPLES 

The folloWing provides a more detailed explanation of the 
characteristics of the present invention by indicating 
examples and comparative examples thereof. HoWever, the 
scope of the present invention is not limited by the examples. 

Furthermore, the examples are divided into 1) (Examples) 
of Non-Aqueous Electrodes and 2)<Examples> ofAluminum 
Secondary Batteries. 

1) (Examples) of Non-Aqueous Electrolytes 

Example 1 

The solubility of Al (CF 3SO3 )3 in room temperature molten 
salts Was evaluated. 50 mM (M indicates mol/L) 
Al(CF3SO3)3 Was added to each room temperature molten 
salt and stirred for 24 hours folloWed by visually con?rming 
the state thereof (presence or absence of undissolved solid). 

Furthermore, since Al(CF3SO3)3 is a White poWder While 
all of the room temperature molten salts used in the present 
example are clear liquids (except for some light yelloW clear 
liquids), solubility can be visually evaluated easily. Those 
results are shoWn in Table 1. 

TABLE 1 

Room Melting Evaluation 
Sample Temperature Point of 
No. Molten Salt (0 C.) Solubility 

l EMI-BF4 15 X 
2 EMI-TFSI (Liquid) A 

5 BMI-PF6 —80 X 
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TABLE l-continued 

Room Melting Evaluation 
Sample Temperature Point of 
No. Molten Salt (0 C.) Solubility 

6 BMI-TFSI (Liquid) A 
7 BMI—CF3SO3 l7 0 
8 BMI—CF3CO2 —50 X 
9 MBPy—CF3SO3 —50 0 

l0 BMPr-TFSI —50 A 

11 BMPr-CF3SO3 3 O 
12 TMA-TFSI (Liquid) A 
13 TMEA-TSFI (Liquid) A 
14 EDiMBA-TFSI —ll X 

15 DiMDiEA-CF3SO3 (Liquid) 0 

* Evaluation Solubility: 
Q: Completely soluble 
A: Partially soluble 
X: Insoluble 
* Abbreviations for Room Temperature Molten Salt: 
EMI: l-ethyl-3-methyl imidazolium 
BMI: l-butyl-3-methyl imidazolium 
MBPy: N-methyl-3-butyl pyridium 
BMPr: l-butyl- l-methyl pyrrolidinium 
TMA: Tetramethyl ammonium 
TMEA: Trimethyl ethyl ammonium 
EDiMBA: Ethyl dimethyl butyl ammonium 
DiMDiEA: Diethyl dimethyl ammonium 
TFSI: Bis-tri?uorosulfonylimide 

As shoWn in Table l, solubility With respect to 
Al(CF3SO3)3 Was con?rmed to differ considerably depend 
ing on the type of anion of the room temperature molten salt. 

The White poWder of Al (CF 3SO3 )3 hardly dissolved at all in 
room temperature molten salts having B134“ or P136“ and so on 
as an anion, and precipitated in the sample molten salt. 
Although Al(CF3SO3)3 Was partially soluble in room tem 
perature molten salts having N(CF3SO2)2_ as an anion, When 
50 mM Al(CF3SO3)3 Was added, a White poWder precipitated 
Without dissolving in the sample molten salt. Although these 
samples Were heated to 60° C. and stirred, there Were no 
signi?cant changes in the state of the precipitates, and these 
room temperature molten salts Were determined to have 

hardly any solubility With respect to Al(CF3SO3)3. 
In contrast, in the case of samples in Which Al(CF3SO3)3 

Was added to a room temperature molten salt having CF3 S0; 
for an anion, a White poWder Was virtually unable to be 
con?rmed Within a feW hours. These samples become com 
pletely clear after 24 hours, thereby con?rming that 
Al(CF3SO3)3 dissolved Well therein. 
On the basis of these results, selection of the anion that 

composes the room temperature molten salt is important for 
determining the solubility With respect to Al(CF3SO3)3, and 
Al(CF3SO3)3 Was determined to be completely dissolved in 
the case of a room temperature molten salt having CF3SO3_ 
for an anion. 

Example 2 

Next, solubility Was evaluated for samples 3, 7 and 9, in 
Which the Al salt dissolved Well in (Example 1), by changing 
the concentration of the Al salt. Room temperature ionic 
conductivity using the alternating current impedance method 
and viscosity Were evaluated for those samples demonstrating 
adequate solubility. Those results are shoWn in Table 2. 
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TABLE 2 

Room Al Salt Evaluation Ionic Solution 
Temperature Concentration of Conductivity Viscosity 

Sample No. Molten Salt (mol/L) Solubility (S - cm’l, 250 C.) (mPa - s) 

3 EMI-CF3SO3 0.05 O 45 34 
0.5 O 20 42 
1.0 O 18 48 
2.0 O 5 60 

7 BMI-CF3SO3 0.05 O 19 75 
0.5 O 10 84 
1.0 O 5 91 
2.0 O 1 103 

9 MBPy-CF3SO3 0.05 O 20 105 
0.5 O 14 112 
1.0 O 8 140 
2.0 O 2 198 

* Evaluation Solubility: 
Q: Completely soluble 
A: Partially soluble 
X: Insoluble 
* Abbreviations for Room Temperature Molten Salt: 
EMI: 1-ethyl-3-methyl imidaZolium 
BMI: 1-butyl-3-methyl imidaZolium 
MBPy: N-methyl-3-butyl pyridium 

The Al salt was determined to dissolve well up to a con- 25 

centration of 2M for each of the samples 3, 7 and 9. Although TABLE 3-COntinued 

solut1on v1scos1ty mcreased and 1on1c conduct1v1ty gradually Organic Ionic 
decreased as the Al salt concentration increased, ionic con- Roorn Solvent Evaluation Conductivity Solution 

. . . . . . . Temperature Mixed Mixing of (S - cm-I, Viscosity 

duct1v1ty was st1ll h1gh and well w1th1n the range of pract1cal 30 Molten Salt Solvent Ratio Solubility 250 C) (mPa _ S) 

use as a non-aqueous electrolyte, thereby making it possible 50 A 62 32 

to realize a non-aqueous electrolyte using aluminum ions as 70 X i 14 

mobile ions. 
* Evaluation Solubility: 

35 Q: Completely soluble 
Example 3 A: Partially soluble 

X: Insoluble 
* Abbreviations for Room Temperature Molten Salt: 

Mixed solvents with non-aqueous organic solvents were BMI: 1—butyl—3-Inethyl irnidazoliurn 

assessed usmgme BMLCF3SO3 non-aqueous electrolyte of 40 Solution viscosity was determined to decrease and ionic 
Sample 7 used In (Examples 1) and (Example 2) above‘ Pro‘ conductivity was determined to increase as a result of mixing 
Pylene Carbonate (PC), dlethyl Carbonate (DEC) and ethyl in a non-aqueous organic solvent. Although ionic conductiv 
methyl carbonate (DMC) were each mixed at 0, 10, 20, 50 and ity increased up to a concentration of 20 vol %, the Al salt was 
70 vol % for use as the non-aqueous organic solvents, and found to no longer be Soluble When the non-aqueous Organlc 

. . . . ' ' 0 

these were evaluated for solub1l1ty (vlsual evaluatlon) and by 45 Solvent Was mlxed at a Concentranon of 50 V01 A" 

measuring ionic conductivity and solution viscosity. The con- Example 4 
centration of the Al salt was 1.0 M in all cases. Those results 

are shown In Table 3- An aluminum concentration cell was fabricated using the 1 
50 M Al salt non-aqueous electrolyte produced in Example 3 in 

TABLE 3 which the ratio of BMI-CF3SO3 to PC was 90:10. An alumi 
. I num plate designated as an anode 1 and a platinum plate 

Organic Ionic - - - 

Room sob/6m Evaluation Conductivity Solution deslgnated as a cathode 2 were lmmersed 1n the non-aqueous 
Temp?mtum Mixed Mixing of (S . and, viscosity electrolyte 3 followed by measurement of discharge poten 
Molten Salt Solvent Ratio Solubility 25° c.) (mPa - s) 55 tial. A schematic drawing of the fabricated aluminum con 

BMLCFBSOB PC 0 O 5 90 centrat1on cell 15 shown 1n FIG. 1. ~ ~ 
10 Q 15 78 In the concentratlon cell, a potentlal dlfference can be 
20 O 30 61 generated according to the aluminum concentrations of the 
50 A 54 41 cathode and anode, and discharge stops when the concentra 

DEC 78 g I if; 60 tions of both become equal. The discharge potential was 
10 0 28 68 initially measured to be 0.99 V. During this time, there were 
20 O 43 52 no abnormalities at the interface between the cathode and 
50 X i 35 anode in the non-aqueous electrolyte. After the concentration 
70 X i 19 . . . . 

DMC 0 O 5 91 cell had ?mshed d1scharg1ng, an elementary analysls was 
10 Q 26 65 65 carried out on the surface of the platinum used for the cathode. 
20 O 48 52 Aluminum was detected from the electrode, thereby con?rm 

ing that aluminum had precipitated or formed an alloy with 
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the platinum, While also con?rming that an aluminum con 
centration cell had been formed. 
On the basis of this result, the non-aqueous electrolyte of 

the present invention Was determined to use aluminum ions as 
mobile ions and be effective as an electrolyte of an aluminum 
battery. 
2)<Examples> of Aluminum Secondary Batteries 

Example 1 

A coin cell Was fabricated using Al2(MoO4)3 for the cath 
ode active material (FIG. 2). The Al2(MoO4)3 used for the 
cathode active material Was obtained by adequately mixing 
and crushing Al(OH)3 and MoO3 at a molar ratio of 2:3, ?ring 
for 4 hours at 850° C. and adequately crushing With a crusher 
folloWed by con?rming that the crystal system Was a single 
rhombohedral system by poWder X-ray diffraction measure 
ment. 

The resulting cathode active material Was mixed and 
kneaded With carbon poWder and a binder in the form of 
poly-4-?uoride ethylene poWder at a Weight ratio of 100:25:5. 

After adequately kneading, the resulting slurry Was rolled 
onto a sheet. This Was then punched out into the shape of a 
disc having a diameter of 13.0 mm for use as a cathode 26. At 
this time, the Weight of the electrode plate Was made to be 25 
mg. 

Continuing, an electrolyte 23 Was produced in the manner 
described beloW. 50 mM (M indicates mol/L) Al(CF3SO3)3 
Was added to a room temperature molten salt in the form of 
BMI -CF3SO3 (butyl methyl imidaZolium-tri?uoromethane 
sulfonate) folloWed by stirring for 24 hours and using as the 
electrolyte 23 after con?rming that the Al salt had adequately 
dissolved. 
An aluminum sheet having a thickness of 100 um Was 

punched out to a diameter of 13.5 mm and used for an anode 
22. 
A coin cell Was assembled from these components and 

charging and discharging characteristics Were evaluated, and 
the discharge capacity per cathode active material Was deter 
mined. Those results are shoWn in Table 4. 

Example 2 

A coin cell Was fabricated using AlO_5ScO_5(MoO4)3 for the 
cathode active material. 

The AlO_5ScO_5(MoO4)3 cathode active material Was 
obtained by adequately mixing and kneading Al(OH)3, 
ScCO3 and MoO3 at the desired molar ratio, ?ring for 4 hours 
at 850° C. and adequately crushing With a crusher folloWed by 
using as a cathode active material after con?rming that the 
crystal system Was a single rhombohedral system by poWder 
X-ray diffraction measurement. 
A coin cell Was assembled in the same manner as 

<Example 1> With the exception of the cathode active mate 
rial. The charging and discharging characteristics of the fab 
ricated coil cell Were evaluated, and the discharge capacity 
per cathode active material Was determined. Those results are 
shoWn in Table 4. 

Comparative Example 1 

A coin cell Was fabricated in the same manner as <Example 
1> and <Example 2> using a carbon poWder for the cathode 
active material. 

The carbon poWder Was the same as that used in <Example 
1>, and the carbon poWder and binder in the form of 4-poly 
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?uoride ethylene poWder Were mixed and kneaded at a Weight 
ratio of 50:5 to produce a cathode 22. 
The charging and discharging characteristics of the fabri 

cated coin cell Were evaluated, and the discharge capacity per 
cathode active material Was determined. Those results are 
shoWn in Table 4. 

Comparative Example 2 

A coin cell Was fabricated in the same manner as <Example 
1> and <Example 2> using AlV3O9 for the cathode active 
material. 
The AlV3O9 cathode active material Was obtained by 

adequately mixing and crushingAl(OH)3 andV2O5 at a molar 
ratio of 2:3, ?ring for 6 hours at 750° C. and adequately 
crushing folloWed by using as a cathode active material after 
con?rming that the crystal system Was a monoclinic system 
by poWder X-ray diffraction measurement. 
The charging and discharging characteristics of the fabri 

cated coin cell Were evaluated, and the discharge capacity per 
cathode active material Was determined. Those results are 
shoWn in Table 4. 

Comparative Example 3 

A coin cell Was fabricated in the same manner as <Example 
1> and <Example 2> With the exception of using FeS2 for the 
cathode active material. 

Commercially available reagent-grade FeS2 Was used for 
the FeS2. The charging and discharging characteristics of the 
fabricated coin cell Were evaluated, and the discharge capac 
ity per cathode active material Was determined. Those results 
are shoWn in Table 4. 

TABLE 4 

Discharge Discharge 
1“ Cycle Capacity Capacity 
Discharge After After Five 

Cathode Active Capacity TWo Cycles Cycles 
Material (rnAh/g) (mAh/g) (mAh/g) 

Example 1 Al2(MoO4)3 272 270 271 
Example 2 Al1_OSc1_O(MoO4)3 125 123 123 
Comp. Ex. 1 Carbon Powder 21 11 8 
Comp. Ex. 2 AlV3O9 98 22 4 
Comp. Ex. 3 FeS2 85 36 30 

* Electrolyte: 50 mM Al(CF3SO3)3/BM1—CF3SO3 

According to Table 4, the coin cells fabricated in <Com 
parative Examples 1>, <Comparative Examples 2> and 
<Comparative Examples 3> demonstrated loW discharge 
capacity, and the discharge capacity Was found to decrease as 
charging and discharging Were repeated. 

In contrast, in the cases of <Examples 1> and <Example 2> 
using a cathode active material of the present invention, the 
discharge capacity Was high and aluminum secondary batter 
ies having favorable cycle characteristics Were determined to 
be obtained. 

Example 3 

A coin cell using (AlxScl_x)2(WO4)3 as an cathode active 
material Was fabricated for <Example 3>. 
The (AlxSc1_x)2(WO4)3 cathode active material Was 

obtained by adequately mixing and crushing Al(OH)3, 
ScCO3 and WO3 at the desired molar ratio, ?ring for 4 hours 
at 1000° C. and adequately crushing With a crusher folloWed 
by using as a cathode active material after con?rming that the 
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crystal system Was a single rhombohedral system by powder 
X-ray diffraction measurement. 

Cathode active materials Were produced by respectively 
using values of 0, 0.2, 0.4, 0.6, 0.8 and 1.0 for the value ofx 
in the above-mentioned formula. 

Coin cells Were assembled using these cathode active 
materials along With the same electrolyte and anode used in 
<Example 1> and <Example 2> to respectively obtained coin 

16 
particular, aluminum secondary batteries Were able to be 
obtained that demonstrated both superior cycle characteris 
tics and discharge capacity. 

Example 4 

Coin cells Were fabricated using the cathode active mate 
rials and electrolytes shoWn in Table 6. An anode, a separator 
and others are provided the same as in <Example l>. cells 3-1, 3-2, 3-3, 3-4, 3-5 and 3-6. 10 

The charging and discharging characteristics of the fabri- The Charging and discharging Characteristics of the fabri 
cated coin cells Were evaluated, and the discharge capacity cated C0111 Cells Were evaluated, and the dlscharge capaclty 
per cathode active material Was determined. Those results are per cathode active material Was determined. Those results are 
shoWn in Table 5. shoWn in Table 6. 

TABLE 6 

10th Cycle 100th Cycle 
Discharge Discharge 
Capacity Capacity 

Electrolyte Cathode Active Material (mAh/ g) (rnAh/ g) 

4-1 Electrolyte: 100 mM, Al1_6ScO_2InO_2(MoO4)3 205 203 
4-2 Al(CF3SO3)3 All_6Mg0_2Hf0_2(VVO4)3 142 145 
4-3 Room temperature molten Al1_OInO_4CaO_3ZrO_3(MoO4)3 122 121 

salt: BMI-CF3SO3 + PC 
(90:10) 

4-4 Electrolyte: 50 mM, Al1_6ScO_2InO_2(MoO4)3 207 207 
4-5 Al(CF3SO3)3 Al1_6MgO_2HfO_2(VVO4)3 130 122 
4-6 Room temperature molten Al1_OInO_4CaO_3ZrO_3(MoO4)3 119 115 

salt: EMI—CF3SO3 + DME 
(90:10) 

4-7 Electrolyte: 50 mM, Al2_O(MoO4)3 254 230 
4-8 Al(CF3SO3)3 Al2_O(WO4)3 185 171 

Room temperature molten 
salt: BPy-CF3SO3 (100) 

Explanation of abbreviations 
EMI: 1-ethyl-3-methyl imidazolium 
BMI: l-butyl-3-methyl imidazoliurn 
BPy: l-n-butyl pyridiurn 
PC: Propylene carbonate 
DME: 1,2-Dirnethoxy-ethane 

TABLE 5 

Discharge Discharge 
10th Cycle Capacity Capacity 
Discharge after 50 after 100 

Cathode Active Capacity cycles Cycles 
Coin Cell Material (rnAh/ g) (mAh/ g) (rnAh/ g) 

3-1 AlO_OSc2_O(WO4)3 1 0 1 

3-2 Al0_4Scl_6(WO4)3 5 15 18 

3-3 AlO_8Sc1_2(WO4)3 44 56 52 

3-4 Al1_2Sc0_8(WO4)3 89 95 92 

3-5 Al1_6ScO_4(WO4)3 123 122 128 

3-6 Al2_OScO_O(WO4)3 165 156 145 

* Electrolyte: 50 mM Al(CF3SO3)3/BMI-CF3SO3 

Electrolyte: 50 mM Al(CF3SO3)3/BMI-CF3SO3 
As shoWn in Table 5, the discharge capacity When x:0 Was 

nearly Zero, and occlusion and release of aluminum Was 
unable to be observed. 

Occlusion and release of aluminum Was possible Within the 
range of 0<x§1 (coin cells 3-2, 3-3, 3-4, 3-5 and 3-6), and 
favorable secondary aluminum secondary batteries Were 
obtained. Changes in discharge capacity Were observed cor 
responding to the value of x. In coin cells 3-5 and 3-6 in 
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As shoWn in Table 6, although several combinations of 
electrolytes and cathode active materials Were examined, alu 
minum secondary batteries Were able to be obtained demon 
strating favorable cycle characteristics regardless of the elec 
trolyte and cathode active material. 

Compound oxides of molybdic acid (coin cells 4-1, 4-3 and 
4-7) Were found to alloW the obtaining of higher discharge 
capacities than compound oxides of tungstic acid (coin cells 
4-2, 4-5 and 4-8). 

ADVANTAGES OF THE INVENTION 

According to the present invention, a non-aqueous electro 
lyte is able to be provided that uses aluminum ions for the 
mobile ions. Consequently, the non-aqueous electrolyte of 
the present invention is useful as a non-aqueous electrolyte 
for an aluminum battery, electrodeposition of aluminum 
metal and so on. 

Since the aluminum secondary battery as claimed in the 
present invention is able to demonstrate favorable cycle char 
acteristics, it can be Widely used as a secondary battery of, for 
example, portable information terminals (such as notebook 
PCs and cell phones) and electric automobiles. 
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INDUSTRIAL APPLICABILITY 

The non-aqueous electrolyte of the present invention has 
superior Al salt solubility, and is useful as a non-aqueous 
electrolyte for aluminum batteries and electrodeposition of 
aluminum metal. 

In addition, the aluminum secondary battery of the present 
invention exhibits favorable cycle characteristics, enabling it 
to be used as a secondary battery over a Wide range of appli 
cations such as portable information terminals (such as note 
book PCs and cell phones) and electric automobiles. 

The invention claimed is: 
1. A non-aqueous liquid electrolyte comprising an electro 

lyte containing Al(CF3SO3)3 and a room temperature molten 
salt of a quaternary ammonium salt, 

Wherein the quaternary ammonium salt is at least one type 
of compound represented by the folloWing general for 
mula (l) or (2): 

(1) 
R1 

Wherein Rl-R4 are the same or different and represent an 
alkyl group, and R1 and R2 may form a ring; 

(2) 
R5 

N+ 

20 

25 

30 

35 

18 
Wherein R5 -R7 are the same or different and represent an 

alkyl group, and R5 and R6 may form a ring. 

2. The non-aqueous electrolyte according to claim 1, 
Wherein the alkyl group has 1 to 6 carbon atoms. 

3. The non-aqueous electrolyte according to claim 1, fur 
ther containing a non-aqueous organic solvent. 

4. The non-aqueous electrolyte according to claim 3, 
Wherein the non-aqueous organic solvent contains at least one 
type selected from the group consisting of propylene carbon 
ate, ethylene carbonate, dimethyl carbonate, diethyl carbon 
ate and ethyl methyl carbonate. 

5. A secondary battery comprising an anode, a non-aque 
ous liquid electrolyte and a cathode, Wherein the non-aqueous 
liquid electrolyte is the non-aqueous liquid electrolyte 
according to claim 1. 

6. The secondary battery according to claim 5, Wherein the 
active material in the anode is at least one type of aluminum 
and aluminum alloy. 

7. The secondary battery according to claim 5, Wherein the 
active material in the cathode is an oxide represented by the 
folloWing general formula (3): 

Wherein M represents M2aM3bM4c, M2 represents at least 
one type of bivalent metal element selected from Mg, 
Ca, Sr and Ba, M3 represents at least one type of trivalent 
metal element selected from Sc, Y, Ga and In, M4 repre 
sents at least one type of tetravalent metal element 
selected from Zr and Hf, M' represents a hexavalent 
metal element including W or Mo, and 0§a<l, 0§b<1, 
c:a, 0<x§l and (2a/(l -X))+(3b/(l -X)) +(4c/(l -X)):3. 
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